is shown by its synthesis to be the major component of the maleproduced aggregation pheromone of the broad-horned flour beetle (Gnatocerus cornutus).
Results and Discussion
Synthesis of a stereoisomeric mixture of (1R)-1 Scheme 1 summarizes our synthesis of a stereoisomeric mixture of acoradiene (1R)-1. The starting material was known ketone 3 (a 1:1 mixture of its diastereoisomers), which had previously been synthesized by Marx 3) and also by Weyerstahl, 4) starting from (R)-(+)-pulegone (2) . Our attempts failed to add one carbon atom at the carbonyl group of 3 by a Wittig reaction with either methoxymethylene triphenylphosphorane or methylene triphenylphosphorane. Another attempt to add trimethylsilylmethyllithium (the Petersen reaction) was not successful, either. The reason for these failures could be ascribed to the severe steric hindrance caused by the spiro center. We therefore thought that sterically far less demanding hydrogen cyanide might attack the carbonyl group of 3.
Treatment of 3 with hydrogen cyanide successfully yielded cyanohydrin 4, which was then subjected to dehydration with phosphoryl chloride in pyridine to afford ,-unsaturated nitrile 5. The conjugated double bond of 5 was selectively reduced by dissolving magnesium in methanol 5) to give nitrile 6. Further reduction of 6 with diisobutylaluminum hydride (DIBAL-H) furnished aldehyde 7. Treatment of 7 with methylmagnesium bromide gave alcohol 8, which was * Pheromone synthesis, Part 224. For Part 223, see Shibata, C., and Mori, K., Eur. J. Org. Chem., in press. y To whom correspondence should be addressed. Fax: +81-42-555-7920; E-mail: kjk-mori@arion.ocn.ne.jp oxidized with Dess-Martin periodinane 6) to afford ketone 9. Finally, the methylene moiety of acoradiene was introduced into 9 by the Wittig reaction to furnish (1R)-1 as a stereoisomeric mixture. Careful inspection of the 1 H-NMR spectrum of this stereoisomeric mixture of (1R)-1 revealed the presence of the signals reported for the natural pheromone among the signals for the synthetic mixture of (1R)-1. One of the stereoisomers of (1R)-1 could be separated from the mixture by preparative gas chromatography. The resulting stereoisomer (50.5% purity) of (1R)-1 showed an almost identical 1 H-NMR spectrum to that of the natural pheromone. In order to clarify the relative configuration of natural 1, we carefully compared the chemical shifts of the olefinic protons at C-7 and C-13 of the natural pheromone with the published data for each of the stereoisomers of 1 (Table 1) . 1, 2, [7] [8] [9] Indeed, the chemical shift values for the olefinic protons of the natural pheromones were identical to those of (1R,4S,5S)-1 {(À)--acoradiene, ½ D 25 À39:6 (hexane)}, 8) a sesquiterpene that had been isolated from Juniperus rigida by Hirose in 1970 10) and synthesized by Wolinsky in 1983. 8) Considering the positive optical rotation {½ D +37.1 (hexane)} of the natural pheromone, it would have been (1S,4R,5R)-(+)-acoradiene (1) .
At 
11)
Synthesis of (1S,4R,5R)-(+)--acoradiene (1) To verify our hypothesis and Dr. Joulain's suggestion that the pheromone must have been (1S,4R,5R)-1, we undertook its synthesis. Scheme 2 shows our retrosynthetic analysis of (1S,4R,5R)-1. We adopted the strategy of Wolinsky to use pulegone as the starting material. 8) His 1983 synthesis of (1R,4S,5S)-(À)-1 had been achieved by starting from (R)-(+)-pulegone (2). 8) We start from (S)-(À)-pulegone (2) to construct C according to Wolinsky. Ester C gives keto aldehyde B, whose aldol condensation and subsequent Wittig olefination afford triene A. 1,4-Reduction of A furnishes desired product (1S,4R,5R)-(+)-1.
This plan was successfully conducted as summarized in Scheme 3. Because twenty years had passed since Wolinsky's synthesis of (1R,4S,5S)-1, some improvements were possible to realize a better overall efficiency.
The known (À)-trans-pulegenic acid (10) 12) derived from (S)-(À)-pulegone (2) according to Marx 3) was converted to (À)-cis,trans-puleganolide (11) under acidic conditions. 13) Alkylation of lactone 11 with known iodide 12 14) gave 13, which was subjected to an elimination reaction by treating with potassium tbutoxide in N,N-dimethylformamide (DMF) according to Wolinsky, 8) Intramolecular aldol condensation of 18 with sodium hydroxide in aqueous ethanol 15) afforded ,-unsaturated ketone 19 in a high yield of 97%, this being converted to triene 20 by the Wittig reaction. 1,4-Reduction of the conjugated diene moiety of 20 was effected with sodium in liquid ammonia 16) to furnish (1S,4R,5R)--acoradiene (1); this was contaminated with an unknown impurity (19%) as judged by the results of a gas chromatographic analysis. This crude product was purified by chromatography over silica gel impregnated with silver nitrate 17) to give pure (1S,4R,5R)-1, whose 1 H-and 13 C-NMR spectra coincided with those of the natural pheromone.
1) The optical rotation of synthetic (1S,4R,5R)-1 was ½ D 24 +38.2 (hexane), which is in good accordance with the published value for the natural pheromone of ½ D +37.1 (hexane). [4.5] dec-7-ene, 1] was synthesized in a 16% overall yield (10 steps) based on (S)-(À)-pulegone. In Wolinsky's synthesis of (À)--acoradiene from (R)-(+)-pulegone, the overall yield was reported to be 5.1% (9 steps).
Conclusion
8) The availability of new reagents enabled us to improve the overall yield to some extent. The three-fold increase of our overall yield in comparison to Wolinsky's was due to our adoption of aldol condensation (18 ! 19) for constructing the six-membered ring, while Wolinsky constructed it by Claisen condensation of a keto ester derived from 15. They had to remove the extra carbonyl group at C-6.
In conclusion, the major component of the maleproduced aggregation pheromone of the broad-horned flour beetle, Gnatocerus cornutus, was shown to be (1S,4R,5R)-(+)--acoradiene (1). The insect thus produces an enantiomer opposite to (1R,4S,5S)-1 produced by the plant, Juniperus rigida.
10)

Experimental
Boiling point (bp) data are uncorrected. IR spectra were recorded by Jasco FT/IR-410 and Jasco FT/IR-460 Plus spectrometers.
1 H-NMR spectra were recorded by Jeol JNM-90A (90 MHz), Jeol JNM-LA400 (400 MHz), and Jeol JNM-LA 500 (500 MHz) spectrometers (TMS at H ¼ 0:00 or CHCl 3 at H ¼ 7:26 as an internal standard).
13 C-NMR spectra were recorded by Jeol JNM-LA400 (100 MHz) and Jeol JNM-LA500 (126 MHz) spectrometers (CHCl 3 at C ¼ 77:0 as an 
To a stirred solution of 4 (563 mg, 2.74 mmol) in pyridine (5 ml) was added POCl 3 (1.0 ml, 11 mmol) at 0 C. After stirring at 50 C for 5 h, the mixture was poured into ice-cooled dil. HCl at 0 C and extracted with ether. The organic layers were successively washed with water, a saturated aqueous NaHCO 3 solution and brine, dried with MgSO 4 , and concentrated in vacuo. The residue was purified by column chromatography on silica gel ( (9) . To a stirred solution of 7 (193 mg, 1.00 mmol) in dry THF (2 ml) was added methylmagnesium bromide (0.93 M in THF, 5.0 ml, 4.7 mmol) at À20 C under argon. After stirring for 2 h at room temperature, the mixture was poured into dil. HCl and extracted with diethyl ether. The organic layers were successively washed with water, a saturated aqueous NaHCO 3 solution and brine, dried with MgSO 4 , and concentrated in vacuo to give a residue of crude alcohol 8.
This residue was diluted with CH 2 Cl 2 (10 ml). To a stirred solution of crude 8 was added Dess-Martin periodinane (822 mg, 1.94 mmol) at 0 C. After stirring for 2 h at room temperature, the mixture was poured into a mixture of a saturated aqueous Na 
To a stirred suspension of methyltriphenylphosphonium bromide (98%, 130 mg, 0.36 mmol) in dry THF (2 ml) was added a solution of n-BuLi in hexane (1.58 M, 0.22 ml, 0.35 mmol) at À78 C under argon. After stirring for 1 h at 0 C, a solution of 9 (33 mg, 0.16 mmol) in dry THF (1 ml) was added to the reaction mixture. After stirring for 2 h at À78 C, the mixture was poured into water. The resulting mixture was gradually warmed to room temperature, and then extracted with ether. The organic layers were successively washed with water, a saturated aqueous NaHCO 3 solution and brine, dried with MgSO 4 , and concentrated in vacuo. The residue was purified by column chromatography on silica gel (10 g, hexane) to give 1 (20 mg, 82% based on consumed 9) as a colorless oil together with recovered 9 (8 mg), (13) . To a stirred solution of diisopropylamine (9.20 ml, 65.5 mmol) in dry THF (80 ml) was added dropwise a solution of n-BuLi in hexane (1.58 M, 41.0 ml, 64.8 mmol) at 0 C under argon. The mixture was stirred at 0 C for 1 h. The mixture was then cooled to À78 C, and slowly added to a solution of 11 (9.98 g, 59.4 mmol) in dry THF (80 ml). After stirring at À78 C for 2 h, to the mixture was added a solution of iodide 12 (26.1 g, 108 mmol) in dry hexamethylphosphoric triamide (HMPA, 15 ml) at À78 C. The mixture was stirred at À45 C for 86 h, then poured into a saturated aqueous NH 4 Cl solution, and extracted with ether. The organic layers were successively washed with a saturated aqueous NaHCO 3 solution and brine, dried with MgSO 4 , and concentrated in vacuo. The residue was purified by column chromatography on silica gel (400 g, hexane/ ethyl acetate = 10:1) to give 13 (12.9 g, 77% based on consumed 11) and then 1.43 g (14%) of recovered 11. (15) . To a stirred solution of t-BuOK (320 mg, 2.85 mmol) in dry DMF (10 ml) was added a solution of 13 (744 mg, 2.64 mmol) in dry DMF (10 ml) at 120 C. The mixture was stirred at 140 C for 4 h, then poured into ice-cooled water, and extracted with ether. The aqueous layer was acidified with an aqueous 1 M HCl solution and extracted with CHCl 3 . The CHCl 3 layers were successively washed with water and brine, dried with MgSO 4 , and concentrated in vacuo to give crude carboxylic acid 14. To a stirred solution of 14 in ether (20 ml) was added dropwise a solution of diazomethane (20 mmol) in ether (30 ml) at 0 C. The mixture was stirred at room temperature for 1 h, and then quenched with acetic acid. The mixture was poured into a saturated aqueous NaHCO 3 solution for neutralization and then extracted with ether. The organic layers were washed with brine, dried with MgSO 4 , and concentrated in vacuo. The residue was purified by chromatography on silica gel (20 g, hexane/ethyl acetate = 50:3) to give 15 (546 mg, 70%, two steps) as a colorless oil. (16) . To a stirred suspension of LiAlH 4 (40 mg, 1.1 mmol) in dry THF (5 ml) was added a solution of 15 (150 mg, 0.507 mmol) in dry THF (5 ml) at 0 C. The suspension was stirred at room temperature for 1 h. The reaction was quenched with water (0.1 ml), a 15% aqueous NaOH solution (0.1 ml) and water (0.3 ml) at 0 C. The resulting mixture was stirred at room temperature for 3 h and then filtered through a bed of Celite. The filtrate was dried with MgSO 4 and concentrated in vacuo. The residue was purified by column chromatography on silica gel (10 g, hexane/ethyl acetate = 25:2) to give 16 (104 mg, 77%) as a colorless oil, (17) . To a stirred suspension of 16 (263 mg, 0.981 mmol), sodium acetate (263 mg, 3.21 mmol) and powdered MS 4 A (437 mg) in dry CH 2 Cl 2 (20 ml) was added pyridinium chlorochromate (PCC, 439 mg, 2.04 mmol) at 0 C. The mixture was stirred at room temperature for 3 h and then diluted with ether (20 ml). The resulting mixture was filtered through a column of silica gel (40 g, eluted with ether). The eluate was concentrated in vacuo, and the residue was purified by column chromatography on silica gel (15 g (1R,2S,5R)-2-Methyl-5-(1-methylethenyl)-1-(3-oxobutyl)cyclopentane-1-carbaldehyde (18). To a stirred solution of 17 (57 mg, 0.21 mmol) in THF (3.0 ml) was added a 5% aqueous HCl solution (3.0 ml) at 0 C. The mixture was stirred at room temperature for 2 h. The reaction was quenched with NaHCO 3 (solid) and extracted with CHCl 3 . The organic layers were successively washed with a saturated aqueous NaHCO 3 solution and brine, dried with K 2 CO 3 , and concentrated in vacuo. The residue was purified by column chromatography on silica gel ( C under argon. The suspension was stirred at À78 C for 4 h, before the reaction was quenched with a saturated aqueous NH 4 Cl solution. The mixture was stirred at room temperature for 5 h while the ammonia was allowed to evaporate, and then the resulting mixture was extracted with pentane. The organic layers were successively washed with a saturated aqueous NaHCO 3 solution and brine, dried with MgSO 4 , and concentrated in vacuo. The residue was purified by column chromatography on silica gel (40 g, pentane) to give 1 (645 mg) with 19% of an unknown impurity as checked by a GC analysis [column: DB- 
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